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Abstract: Because of its similar genetic makeup with humans, zebrafish are an available and
well-established osteoporosis model in vivo for anti-osteoporosis drug development as well as
the drug safety-evaluation process. However, few optical imaging methods could effectively
visualize the bone of adult zebrafish due to their limited penetration depth. In this paper, in
vivo high-resolution and long-term characterization of a prednisolone-induced osteoporotic
zebrafish model was achieved with spectral-domain optical coherence tomography (SD-
OCT). The capability of three-dimensional SD-OCT imaging was also demonstrated in this
study. With SD-OCT images, we could non-destructively monitor the deforming process of
adult zebrafish skull from several directions at any time. There is good correlation and
agreement between SD-OCT and histology. Valuable phenomenon such as bone defects could
be quantitatively evaluated using the SD-OCT images at different time points during a period
of 21 days.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Osteoporosis is physiologic or pathologic loss of mineralized tissues resulting in metabolic
disease, thus making it a chronic degenerative disease endangering the health of human.
Reportedly by international osteoporosis foundation, there are more than 8.9 million fractures
annually caused by osteoporosis, which implies every 3 seconds once osteoporosis fracture
occurs [1-3]. When it comes to disease cause, aging, decreasing estrogen, and medical
treatments such as glucocorticosteroids may play an important role [4—8]. On the basis of the
fact that long-term treatment of glucocorticoid can induce osteoporosis, the animal models of
osteoporosis can be successfully constructed [9,10]. For the highly similarity in the structure
and genetics compared with human beings, zebrafish is an available and well-established
osteoporosis model in vivo for studying bone deformations and dyspepsia [11-15]. A
commonly used gold standard technique for assessing bone quality in vitro/ex vivo is
histology [16,17]. However, histological sectioning and staining has insurmountable
deficiency, mainly including all the animals have to be sacrificed, which will bring significant
challenges in the study of biological procedures in vivo. In recent year, optical imaging
techniques such as confocal microscopy, two photon microscopy and light sheet microscopy
have become increasingly popular in biological study based on zebrafish. Undeniably, there
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are many important biological processes revealed with the use of these imaging techniques.
However, few of them can effectively detect the internal bone structure of the zebrafish after
juvenile stages. Regarding the body size of adult zebrafish are far beyond the imaging depth
of these imaging modalities, and zebrafish lose their transparency in the first two weeks of
development, an appropriate optical imaging technique has to be used, which can achieve the
high-resolution characterization of the adult zebrafish in the large field of view with good
penetration depth and fast imaging speed.

Optical coherence tomography (OCT) is a robust and attractive imaging method that uses
scattering light to reconstruct the three-dimensional images of biological tissues with a
micrometer resolution [18,19], making OCT outstanding in the biological and biomedical
imaging field [20-24]. Recently, the use of spectral-domain optical coherence tomography
(SD-OCT) in zebrafish has been reported. In 2008, Larry Kagemann ef al. confirmed the
validity of OCT to monitor the development of eye, ear, heart, and spine based on an embryo
120 hours after fertilization [25]. In 2014, Ross F. Collery et al. explored the genetic, cellular,
and signaling basis of emmetropization and myopia, as well as measured the axial length and
other eye dimensions of zebrafish by SD-OCT [26]. Nevertheless, most of these works
focused on early-stage zebrafish. Since 2016, we employed SD-OCT to study adult zebrafish.
Our previous works demonstrated that SD-OCT can achieve in vivo three-dimensional
characterization of the whole zebrafish brain [27]. Furthermore, the recovering process of a
brain-injured adult zebrafish could be monitored with SD-OCT, which image quality can be
comparable to pathology [28].

In this study, a SD-OCT system was employed for non-invasive characterizing the
morphology of osteoporotic adult zebrafish model with high resolution. Long-terms in vivo
imaging experiment, within a period of 21 days, was performed to demonstrate the
deformation of the bone tissue.

2. Methods and materials
2.1 System design and imaging procedure

A SD-OCT imaging system (Fig. 1) was used in this study. The system was illuminated using
a superluminescent diode (InPhenix, USA) with a central wavelength of 846.7 nm and
bandwidth of 43.7 nm, resulting in a theoretical axial resolution of 7.24 um in air. A 50/50
broad bandwidth spliced fiber coupler (Ziyin Photoelectric Technology, China) severs as the
core of the interferometer. The spectrometer of this OCT system integrates a 1200 I/'mm @
840 nm volume phase holographic gratings (Wasatch Photonics, USA) and a 2048-pixel line-
scan camera (SF-10-02K40-GE-02, Luster Co., Ltd., China). The line scan rate of the camera
is 18 kHz in this study. The sample arm of the OCT system contains a pair of galvanometric
scanners (Han’s Motor, China) and a telecentric scan lens (achromat doublets, f = 40 mm,
Daheng Optics, China). A custom C# language code was developed for operating the SD-
OCT system. Another CCD camera was used to lively monitor the application area and take
photographs of the samples. OCT imaging will be performed along a path that is selected
based on the photograph of a sample.

Data acquisition and signal processing were performed using a high-performance personal
computer. In this study, the scans were 3 x 3 mm and 2 mm in depth (300 x 300 x 500 pixels)
centered on the head of zebrafish with a 18 kHz A-scan imaging speed. The acquisition time
for a volumetric OCT image was ~7s. The volumetric image was generated from the 3D data
sets with an open source software ImageJ 1.52a (National Institutes of Health, USA).
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Fig. 1. SD-OCT imaging system used in this study.
2.2 Animal and ethics statement

The adult wild-type zebrafish were maintained in our flow-through aquaria at 28 + 0.5 °C
with a cycle of 14 h light and 10 h dark. Fish were fed two times daily with live brine shrimps
and flake diet (Tetra, Melle). One third of the water volume (with or without prednisolone)
was refreshed daily. /n vivo experiments were performed in compliance with the guidelines
on animal research stipulated by the Animal Care and Use Committee at Guangzhou Medical
University.

2.3 Experimental protocols

Zebrafish (90 days old) were randomly assigned to three groups including control group (n =
10), 50 uM prednisolone-treatment group (n = 25), 125 uM prednisolone-treatment group (n =
25). All zebrafish were imaged with the OCT system at 0, 7, 14 and 21 days. For the in vivo
experiment, the zebrafish were first anesthetized with 0.05% MS-222 in system water making
them unresponsive to touch, after that agar gel were used to keep the their body up right.
Furthermore, all zebrafish were imaged with OCT system at the suitable position, thus
acquiring in vivo cross-sectional and sagittal-sectional OCT images. Immediately after OCT
imaging, the zebrafish were return back to previous culture conditions for subsequent
experiments. Finally all zebrafish were sacrificed 21 days later for histological analysis.
During our experiment, ten zebrafish died naturally after 10 days post-induced. Furthermore,
five zebrafish (82 days old) treated with 125 pM prednisolone were used to evaluate the
capacity of 3D OCT imaging. After 7 days prednisolone treatment, the zebrafish received
deep anesthesia to guarantee a high quality 3D image. All experimental protocols were shown
in the Fig. 2.
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Fig. 2. The experimental protocols of this study.
2.4 Alizarin red staining

A commonly used technique for monitoring bone formation such as mineralised matrix
deposition is alizarin red staining. On the basis of a dye which can attach specifically to
calcium salts, alizarin red is widely used to observe and measure mineralisation of bone.
Whole mount chine staining was performed as the following protocol [29]. After anesthesia,
zebrafish were fixed with 4% parformaldehyde solution overnight, and soaked in 4% sodium
chloride solution for 2 days, then the flesh were scraped away from the bones with tweezers.
The whole bone were subjected to alizarin red staining (0.5% alizarin red, 0.7% KOH) on a
shaker for 2 hours. After staining, samples were briefly washed 3 times with PBS Tween-20.
The samples were placed in 100% glycerol for fixation. Finally, photographs were acquired
digitally using a Leica stereo microscope (M125 C) under a 10 X objective. Section staining
experiment was also performed as following protocol. After anesthesia, zebrafish were fixed
with 4% paraformaldehyde solution for 12 hours, and then embedded inside paraffin. All
samples were sectioned with a thickness of 8 um and stained with 0.1% alizarin red. Finally,
photomicrographs were taken using a digital pathology slide scanner (Leica CS2) with a 20 x
objective and histomorphometric analysis.

3. Experimental results
3.1 System’s resolution and imaging depth

Before in vivo experiment, we characterized the performance of the OCT system first. The
axial resolution of the OCT system depends on the spectral characteristics of the light source.
The spectrum of the superluminescent diode supplied by the manufacturer was shown in the
Fig. 3(a), which central wavelength and bandwidth is 846.7 nm and 43.7 nm. The theoretical
axial resolution of our OCT system is 7.24 pm in air that was calculated by the formula
R axial = (2In2/m)*(A"2/A L), where the A is the central wavelength and the A X is the
spectral bandwidth. The lateral resolution of our OCT system was calculated by imaging a
blade with sharp edges. Figure 3(b) gives the normalized amplitude of the OCT signal of a B-
scan line across the blade edge, and corresponding edge-spread function was obtained. Taking
the derivative of the edge-spread function yields the line-spread function [Fig. 3(c)], and the
full width at half-maximum of the line-spread function quantifies the lateral resolution. The
lateral resolution of our OCT system was ~12 pum. The phantom used for imaging-depth
measurement was made by tilting a hair section into a 3% agar block. Figure 3(d) shows three
OCT images of the phantom. The position of hair labeled with white dash arrows could be
clearly found. The results demonstrated the imaging depth of our OCT system is up to 2 mm.
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Fig. 3. (a) The spectrum of superluminescent diode used in the OCT system. (b) Normalized
amplitude OCT signal of a B-scan line across a blade with sharp edges. (c) The lateral
resolutions of the OCT imaging system. (d) OCT images of a hair section at different position.

3.2 Histological results

Zebrafish model was evaluated with whole mount chine alizarin red staining to give a
comparison between the normal zebrafish (0 day) and osteoporotic zebrafish model (21 days).
As shown in the Fig. 4(a), the alizarin red staining of chine from normal zebrafish presented
symmetrical and bright. However, prednisolone-treated (125 uM, 21 days) zebrafish showed
clearly decreased staining of the mineralized matrix, reflecting a decrease in bone mineral
density and deterioration of trabecular bone. The optical density of zebrafish spine was
measured with a professional pathological image analysis software Image-Pro plus 6.0
(Media Cybernetics, Inc., USA). As shown in the Fig. 4(b), the optical density of normal
zebrafish was about two times high than that of zebrafish treated with prednisolone. These
results demonstrated that adult zebrafish exhibit extensive osteoporosis after treated with
prednisolone.
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Fig. 4. Whole mount chine alizarin red staining results (a) and corresponding optical density
(b) of normal zebrafish or zebrafish induced with 125 uM prednisolone 21 days.



Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1189 |
Biomedical Optics EXPRESS -

3.3 In vivo OCT imaging of prednisolone-induced osteoporosis

Zebrafish were in vivo image with OCT after anesthesia. The OCT images of normal
zebrafish skull were given in the Fig. 5(a). Since the density of skull is higher than other
tissues, that lead to more reflection when light passes through the skull. Thus, skull showed
higher image intensity in the OCT images than other tissues labeled with green dash arrow.
Based on the OCT image we could found that skull of normal adult zebrafish is smooth and
symmetrical matched well with histological results as shown in the Fig. 5(b). After 21 days of
prednisolone (125 pM) treatment, the region of low image intensity could be observed in the
skull of zebrafish as shown in the Fig. 5(c) labeled with blue dash arrows. The low image
intensity means the density of bone decrease at these area which named defect. The OCT
imaging results was verified with histological results. /n vivo OCT images can demonstrate
the interruption of bone continuity after 21 days prednisolone-induction, revealing high
consistency between OCT and histology.

Zehrafish raised Zebrafish treated with 125 pM
in water prednisolone soultion 21 days

2 defcet

A
Y500 pm

458 wm

Fig. 5. (a) OCT image and histological result (b) of normal zebrafish skull. (¢) OCT image and
histological result (d) of skull of 21-days prednisolone (125 uM) induced zebrafish model.

Time-serial (0, 7, 14, or 21 days post-induced) in vivo OCT imaging was performed to
give a visualized description of the osteoporotic process. All zebrafish were imaged twice at
each time point using volume scan, first in the coronal plane and then in the sagittal plane.
Cross-sectional OCT images of each zebrafish model showed osteoporotic feature were
selected and used for analysis. Representative cross-sectional OCT image of osteoporotic
zebrafish models at different time point was shown in the sagittal view [Fig. 6(a)] and the
coronal view [Fig. 6(b)]. Zebrafish imaged at 0 day were healthy with their skull of high and
uniform image intensity, suggesting that before drug-induction the skull was initially filled
with bone trabeculae and marrow. With the progress of induction, bone defect gradually
appeared, and 7 days later part of skull became low image intensity labeled with the dotted
green rectangle, revealing the internal structure of their skull changed by prednisolone. The
loss of bone calcium may explain lower imaging intensity of OCT images. Gradual loss of
bone hard tissue in the zebrafish skull as the induction time lengthened, and regions of lower
imaging intensity became more after 14 and 21 days. It is possible to clearly monitor the
dynamic process of prednisolone-induced osteoporosis based on adult zebrafish model by
OCT.
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Fig. 6. The sagittal OCT images (a) and the coronal SD-OCT images (b) of adult zebrafish
before (0 day) or after125 uM prednisolone treatment (7, 14 or 21 days).

Furthermore, OCT were employed to identify the severity of osteoporotic zebrafish model
under different concentrations of prednisolone solution (50 or 125 pM). The OCT images of
control group were also provided to exclude the possible effect such as the exposure of
infrared light as shown in the Fig. 7(a). At 0 day, skull of both experimental group and control
group featured a uniform and continuous structure. Bone defect evaluation is indispensable
during osteoporosis image diagnosis. At 7 days, bone defects could be seen on OCT images
of experimental group, while the skull of control group remained unchanged. At both 14 and
21 days, high concentration group had more bone defect regions than low concentration
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group. Obviously, the skull deformation is quicker and more serious in 125 pM prednisolone-
treated group. Furthermore, a line chart based on the degree of skull rupture could be
displayed as shown in the Fig. 7(b), which demonstrated a significant linear correlation
existing between bone defect number with prednisolone concentration as well as the exposure
time. Taken together, the OCT images indicated that long-term and high-doses of
prednisolone will led to more serious osteoporosis.
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Fig. 7. (a) In vivo SD-OCT images of normal zebrafish and zebrafish treated with different
concentrations of prednisolone (50 uM or 125 pM) at 0, 7, 14 or 21 days. (b) The defect
number of skull vs exposure time and concentration of prednisolone.

3.4 Three-dimensional OCT imaging of prednisolone-induced osteoporosis

High resolution 3D imaging is an important advantage of OCT that was also assessed in this
study. Figure 8(a) shows the 3D OCT image of a deep anesthetic zebrafish, which was treated
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with 125 pM prednisolone 7 days. Based on the 3D OCT image, continuous virtual slice was
performed that could provide more accurate information about osteoporosis. Figure 8(b) was
a sagittal images obtained from virtual slices that showed bone defect on the skull near the
telencephalon of zebrafish labeled with green dash arrows. The further obtained coronal
image [Fig. 8(c)] also demonstrated the skull near the telencephalon had bone defect. Figure
8(d) was the histological experiment result of the zebrafish obtained by coronal sectioning.
Bone defect could be clearly identified on the skull near the telencephalon that confirm the
accuracy of 3D OCT images.

[ 450 'Lmi_J
Fig. 8. (a) 3D OCT images of zebrafish head treated prednisolone (125 uM, 7 days). (b) and

(c) is the sagittal images and the coronal image obtained from virtual slices along green dotted
lines. (d) Corresponding histological image of the coronal image.

4. Discussions

Currently, zebrafish have become increasingly popular to model human diseases due to 87%
similarity with human gene. The advantages of zebrafish model are rapid development, strong
fecundity and low cost [14,15]. Another attractive feature of zebrafish is in vitro fertilization
and embryos develop in vitro, and small size and good transparency in embryonic stage,
making zebrafish propitious to model the dynamic process of diseases. It is so difficult in life
sciences and with conventional techniques of image to monitor dynamic processes, thus in
vivo imaging technologies arising. Although there are various imaging technologies aids for
such detection, including confocal imaging, two photon microscopy and light-sheet
microscopy [30-33], some problems still exist. Because there are various stages in the
development of zebrafish, it is not easy to differentiate their structure properly, especially its
adult stage. Obviously, studies based on zebrafish should not be confined to early stage.
Degenerative diseases model, such as Alzheimer’ disease and osteoporosis, should be
constructed from adult or older zebrafish. Therefore, a high contrast technology with high
imaging depth, high resolution and high imaging speed for adult zebrafish imaging is very
important.

In general, given that a 30-day-old zebrafish can grow to 10 mm long, this is beyond the
imaging depth of most optical imaging systems. It is well-known that 10 mm is the maximum
depth of a commercial light-sheet microscope, which requires a transparent sample.
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Zebrafish, however, lose transparency in the first two weeks of development. For an adult
zebrafish, its size is analogous to 30 X 10 x 5 mm cuboids, so that in order to image the adult
zebrafish better, ultrasound imaging, magnetic resonance imaging and X-ray imaging have
been applied. Wolfram Goessling et al. characterized liver tumors on zebrafish model with
ultrasound biomicroscopy [34]. Eunseok Seo ef al. achieved whole-body zebrafish imaging
with the help of synchrotron X-Ray Micro-CT [35]. Samira Kabli et al. imaged the adult
zebrafish with magnetic resonance microscopy that magnetic field intensity up to 9.4 Tesla
[36]. Although conventional radiography is a popular imaging system, it uses ionizing X rays
for imaging that has certain radiation hazard unavoidably. Magnetic resonance imaging can
be another solution, but it also has a problem: slow and inconvenient imaging. At the same
time, the swim bladder of zebrafish have much gas, which has adverse effects on ultrasound
imaging. What’s more, higher instrument costs also limit the application of these
technologies.

Researches have demonstrated that zebrafish skull is absolutely suitable for studying bone
growth and degradation [37,38]. These studies are based on pathological techniques to reveal
the bone structure. Although conventional pathology are effective enough to distinguish the
bone structure in most cases, irreversibly sample loss and cost might be made unnecessarily.
In our previous studies, we successfully imaged the brain of adult zebrafish by SD-OCT. A
long-rang SD-OCT system can provide three-dimensional image of the whole brain with a
real time and non-invasive manner and achieve higher imaging depth [25]. For thorough
study of both developmental biology and brain diseases, imaging subtler structure of the brain
is essentially required.

In this study, the structures of adult zebrafish acquired with histology and OCT imaging
system are compared and analyzed primarily to present an effective in vivo image mean that
can monitor the development of osteoporosis with a real time, non-invasive and high-
resolution manner. Long-term in vivo monitoring of prednisolone-induced osteoporosis on
adult zebrafish was implemented from 0 to 21 days by using our SD-OCT system. The cross-
sectional and sagittal-sectional SD-OCT images can provides the insight into the whole skull
bone tissue, including morphology and functional structures. To the best of our knowledge,
this is the first time that the prednisolone-induced osteoporosis of the adult zebrafish were in
vivo characterized and evaluated with a SD-OCT imaging system.

Three-dimensional OCT imaging of osteoporotic adult zebrafish model was successfully
achieved in this study. While this experiment exposed a problem in this study. Although we
used anesthetics to keep the zebrafish from struggling, the zebrafish kept breathing
throughout the scanning process. Due to a limited imaging speed, the problem of image
dislocation is serious. Zebrafish had to receive deep anesthesia before the 3D OCT imaging
experiment to guarantee a high quality 3D image. In the future, we will increase the scanning
speed and use a displacement correction algorithm to solve this problem.

5. Conclusion

In this work we have demonstrated the feasibility of SD-OCT for in vivo monitoring and
high-resolution characterizing the prednisolone-induced osteoporotic process on adult
zebrafish. The image quality of SD-OCT is comparable to that of pathology. The unique
imaging capability, security and convenience of SD-OCT enable it to be widely used in the
study based on zebrafish.
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